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We present a self-consistency analysis of fission product yield evaluations. Anomalous yields
are determined using a series of simple conservation checks and comparing charge distributions
with common parameterizations. The total prompt neutron multiplicity as a function of product
mass ν¯T (A) is derived directly from the independent fission product yields using average charge
conservation. This method is checked against Monte Carlo simulations of the de-excitation of the
fission fragments in a Hauser-Feshbach statistical decay framework. The derived ν¯T (A) is compared
with experimental data, when available, and used to compare the prompt neutron multiplicity ν¯ for
the various evaluations. Differences in ν¯ for each evaluation are investigated and possible sources
are identified. We also identify fission reactions that are inconsistent with prompt neutron data and
propose possible solutions to remedy the observed inconsistencies.
INTRODUCTION
Fission product yields are utilized in a wide scope of
physics research and applications. Evaluations of the
independent (after prompt neutron emission but prior
to any β-decays) and cumulative (after prompt neutron
emission and after all β-decays) fission yields exist for
many fission reactions and a few incident neutron ener-
gies in three major libraries: ENDF-B/VII.1 [1], JENDL-
4.0u2 [2], and JEFF-3.1.1 [3]. These yields are used in
depletion calculations in reactor simulations [4], for de-
cay heat evaluations [5], criticality studies [6], and re-
actor design [7]. In addition, the fission yield libraries
are used in antineutrino summation calculations [8], fis-
sion theory [9, 10], and even astrophysics calculations of
the r-process [11]. With such a broad scope of physi-
cal applications, the evaluation libraries undergo scruti-
nous self-consistency checks. Even so, inconsistencies can
arise. For example, the decay data involving the β-decay
branching ratios and the β-delayed neutron emission
probabilities connect the independent and cumulative fis-
sion yields [12]. Thus, when new decay data were incor-
porated into the ENDF-B/VII.1 sublibrary, but legacy
fission yields were kept, an inconsistency developed be-
tween the independent and cumulative yields [13]. Here,
we present a consistency check between the independent
fission yields (IFY) and prompt neutron emission.
Many measurements of the prompt neutron emission
and fission yields are conducted independently from one
another due to the different detector requirements for
each study. However, correlated measurements of frag-
ment yields and prompt neutrons have been employed in
the past [14] and in some more recent 2v – 2E measure-
ments [15, 16] or time-of-flight measurements, typically
with specially designed ionization chambers, in conjunc-
tion with high-efficiency neutron detectors [17]. While
radiochemical measurements [18] can provide a higher
degree of accuracy for the yields, they only measure cu-
mulative fission yields (CFY) and, thus, are more dif-
ficult to use for self-consistency checks between prompt
neutron emission and product yields. As many of the fis-
sion yields evaluations were conducted prior to the use of
these correlated measurements, one must ask if they are
consistent with prompt neutron data. We aim to answer
this question in the following analysis.
BASIC YIELD CHECKS
Basic conservation checks allow us to determine the
status of the various yield libraries. For example, we
know that the strict mass conservation rule requires that
ν¯ = A0 −
∑
A[A × Y (A)], where A0 is the nuclear mass
of the parent fissioning nucleus, Y (A) are the IFY for
a product with mass A, and ν¯ is the average prompt
neutron multiplicity. After applying this quick check to
all fission reactions and incident neutron energies sup-
ported by the three evaluation libraries, we see that many
evaluations are not consistent with prompt neutron data,
but the corresponding evaluation errors are usually larger
than one neutron per fission. This has led us to search
for a more precise method of determining the agreement
between fission yields and prompt neutron data.
First, we analyze the charge distributions to iden-
tify specific nuclides with anomalous yields. The mass-
dependent charge distributions are approximately Gaus-
sian in product charge Z following Wahl [19]
IA(Z) = N × FZ,A√
2piσ2
exp−[Z − Zp(A)]2/[2σ2], (1)
where the even-odd shell effects are encoded in the term
FZ,A (see Ref. [19] for details) and the normalization co-
efficient N ensures that the integral of IA(Z) over Z is
unity. Using the various libraries, we fit Eq. 1 to the
evaluated charge distributions, determining best-fit val-
ues for Zp and σ. One can identify the yields that do not
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follow this Gaussian trend by using the impact parameter
G(A,Z) =
I ′(A,Z)
2
max
(
I ′(A,Z)
IA(Z) ,
IA(Z)
I ′(A,Z)
)
, (2)
which represents the ratio of the evaluated fractional
yield I ′(A,Z) for a given product mass and charge to the
theoretical parameterization. We multiply this ratio by
the fractional yield, which highlights the nuclides that
have large yields and are far from the Gaussian trend.
From Eq. 2, one can see that a nuclide that deviates
from its expected value of Eq. 1 by a factor larger than
its fractional yield generates a G(A,Z) > 1. A visual
representation of this is given by Fig. 1, where we dis-
play G(A,Z) for the JEFF-3.1.1 evaluation of 252Cf(sf).
The JEFF-3.1.1 evaluation for 252Cf(sf) represents a bit
FIG. 1. Gaussian impact factor for 252Cf(sf) from the JEFF-
3.1.1 evaluation. Large impact values denote that a nuclide
yield deviates from its Gaussian fit and comprises a sizable
yield. We observe several nuclides which satisfy G(A,Z) > 1.
Other fission reactions and evaluations showed fewer nuclides
with large G(A,Z) values.
of an anomaly, with 8 nuclides having G(A,Z) > 3. Sev-
eral nuclides appeared multiple times and are noted in
the conclusion. Some nuclides, such as 86Ge, have been
identified as problematic in other studies [20].
The charge asymmetry RZ is defined as the ratio of the
sum of independent yields I(A,Z) for a product charge
and its charge complement defined as Zc = Z0−Z, where
Z0 is the charge of the fissioning nucleus:
RZ =
∑
A
I(A,Zc)
/∑
A
I(A,Z). (3)
For fission reactions with no prompt charged particle
emission, Eq. 3 should be unity for all Z. We have calcu-
lated the charge asymmetry for all fission reactions and
across the three libraries. An example is given as Fig. 2
for 235U(nth,f). We determine that the majority of iso-
topes show excellent agreement with unity. Any devi-
ation is typically in the far-wings or symmetric region,
FIG. 2. Charge asymmetry for 235U(nth,f). We compare the
three major evaluations [1–3]. Perfect symmetry corresponds
to the line at unity and the open squares are the result of
manually adjusting a select few yields in ENDF-B/VII.1 to
follow the Gaussian charge distribution shown in Eq. 1.
where the yields, and impact, are lower. We investi-
gated the particular case of 235U(nth,f) in the ENDF-
B/VII.1 library. Upon inspection of the charge distri-
butions, the yields for some cadmium, promethium, and
indium isotopes were far above the Gaussian parameter-
ization. Lowering these yields to follow Eq. 1 results in
the open squares in Fig. 2; now consistent with unity.
PROMPT NEUTRON DERIVATION
As mentioned before, one can trivially determine the
average prompt neutron multiplicity ν¯ by comparing the
parent nucleus mass and the weighted mass yields, but
the errors are large enough to allow consistency with all
experimental values. A more precise derivation comes
from using the less-stringent rule of charge conservation
on average, given by the following procedure:
1. Fit the charge distributions of the IFY with Eq. 1.
2. Use the best-fit parameters to determine the aver-
age charge 〈Z〉 as a function of product mass A.
3. Apply average charge conservation to infer mass
pairs of A and its complement Ac.
4. Determine the total average prompt neutron mul-
tiplicity ν¯T between A and Ac.
Without the even-odd shell effects, 〈Z〉 would be pre-
cisely equal to Zp in Eq. 1. The parameterization of the
even-odd effects has a negligible effect, but we have in-
cluded them from Wahl [19, 21] for completeness.
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Charge conservation on average is represented by
〈Z〉(A) + 〈Z〉(Ac) = Z0. This requirement creates mass
pairs A and Ac, which we use to solve for the average
total prompt neutrons emitted ν¯T (A) = A0−A−Ac be-
tween a product mass A and its complement. We note
that this procedure is well-defined when there is a single
Ac satisfying the charge conservation. This occurs be-
cause the 〈Z〉(A) functions are monotonically increasing,
but there are a few instances where this is not satisfied.
Only some evaluations exhibited this problem and it al-
ways occurred for one or two masses in the symmetric
region. The errors of these were included in our analysis.
The total neutrons emitted between the two products is
ν¯T (A) = ν¯(A) + ν¯(Ac). (4)
Then, one can use the ν¯T (A) and the IFY to compute
the average prompt neutron multiplicity per fission
ν¯ =
∑
A
ν¯T (A)× Y (A), (5)
where A runs over the light or heavy masses.
We use the CGMF code [22], a Monte Carlo implemen-
tation of the Hauser-Feshbach statistical theory to calcu-
late the de-excitation of pre-neutron emission fission frag-
ments. This implementation has been shown to repro-
duce many fission observables in very reasonable agree-
ment with experimental data [23]. The benefit of utiliz-
ing this model is that the prompt neutron observables
and fission product yields are generated self-consistently.
Thus, a perfect reconstruction of ν¯T (A) from the simu-
lated IFY should match the simulated one.
This verification has been conducted for the cases of
235U(nth,f),
239Pu(nth,f), and
252Cf(sf), which all have
extensive experimental data on the various fission ob-
servables. The CGMF calculations require input data for
the mass, charge, average total kinetic energy 〈TKE〉,
and spin J distributions. The Y (A) and 〈TKE〉(A) for
252Cf(sf) are from Ref. [24], the Y (Z) are chosen to fol-
low the Wahl systematics [19], and the spin distribution
is a common parameterization [25, 26]. The remaining
parameters, such as the spin-cutoff factor α, are chosen
to fit available prompt neutron and γ-ray data. In the
case of 252Cf(sf), the experimental ν¯, ν¯(A), and prompt
neutron multiplicity distribution P (ν) are from Refs. [27–
29], respectively. The CGMF calculation generates the IFY
and we derive the ν¯T (A) via the outlined procedure. This
reconstructed ν¯T (A) and the one generated directly from
CGMF are shown for 252Cf(sf) in Fig. 3.
One can see that the 〈Z〉-reproduction of the ν¯T (A)
is in good agreement with the ‘true’ values produced
directly from the CGMF calculation. We also note that
our fit of the remaining parameters in CGMF to prompt
neutron observables results in good agreement with the
experimental data [24, 28, 30]. The experimental ν¯(A)
is often provided as a function of the primary fragment
FIG. 3. Average total prompt neutrons emitted by a post-
neutron heavy fission product with mass A and its light com-
plement in 252Cf(sf). The ν¯T (A) is shown for several exper-
imental data sources [24, 28, 30] (points) and as calculated
directly by the CGMF code (red). We use the IFY from CGMF
to derive the ν¯T (A) through the average charge conservation
(blue), which reproduces the direct ν¯T (A) with good agree-
ment. The shaded regions indicate the errors on the derived
ν¯T (A). Differences between the Go¨o¨k data and the CGMF
results may indicate the need for charge-distributions near
A ∼ 130 different than Wahl or a different 〈TKE〉(A). Simi-
lar results were generated with 235U(nth,f) and
239Pu(nth,f).
mass A′ (prior to neutron emission). We correct for this
by mapping ν¯(A′) 7→ ν¯(A) with A = A′ − ν¯(A′) and in-
terpolating over the product mass. The ν¯T (A) is then
calculated numerically with Eq. 4 under the constraint
that A+ ν¯(A) +Ac + ν¯(Ac) = A0. Using Eq. 5, we have
determined that the derived ν¯ is within 1% of the value
taken directly from CGMF. Similar agreement was found
for the 235U(nth,f) and
239Pu(nth,f) reactions.
PROMPT NEUTRON CALCULATIONS
We follow the procedure outlined above to determine
both the ν¯T (A) and the ν¯ values directly from the IFY of
various fission reactions for the three major libraries. In
a few select cases, we were able to compare with experi-
mental values. Figure 4 shows the example of 235U(nth,f).
Here, we display the ν¯T (A) derived solely from the IFY
of a CGMF calculation, the various evaluation libraries,
and from experimental ν¯(A) data [31–33]. Again, we see
good agreement between the experimental data and our
derivation of the average total number of prompt neu-
trons emitted. We note that a similar degree of consis-
tency appears in the 233U(nth,f) and
239Pu(nth,f) reac-
tions when comparing with their respective ν¯(A) data
from Ref. [32, 34, 35] and Ref. [31, 36, 37].
We can calculate ν¯ via Eq. 5 using the 〈Z〉-derived
3
FIG. 4. Average total prompt neutrons emitted by a post-
neutron heavy fission product with mass A and its light com-
plement in the 235U(nth,f) reaction. The ν¯T (A) is shown for
several experimental data sources [31–33] (points) and as cal-
culated by the average charge conservation method using the
IFY from CGMF (red), ENDF-B/VII.1 (green), and JEFF-3.1.1
(blue). The JENDL-4.0u2 evaluation is nearly identical to
ENDF-B/VII.1. Shaded regions are the propagated errors on
ν¯T (A). There is good agreement between the various calcula-
tions and data, but differences appearing near A ∼ 128 could
be due to differences in the charge-distributions.
ν¯T (A) for the evaluated yields. We have verified that
there is a negligible difference when summing over the
light, heavy, or averaging over both in Eq. 5. Listed in
Tab. I, for several fission reactions, are the calculated ν¯
for the three major evaluation libraries and experimental
data for comparison. Overall, one can see that only about
half of the listed reactions show good agreement with
the experimental values in at least one of the evaluation
libraries. This result shows a fundamental inconsistency
in many of the IFY with the ν¯ data.
Changes in 〈Z〉(A) have a dramatic effect on the de-
rived ν¯T (A). For example, if we artificially increase the
〈Z〉(A) by 0.28% (0.65%) for Ah ∈ [129, 134] in the
JEFF-3.1.1 (ENDF-B/VII.1) evaluations of 233U(nth,f),
then ν¯ becomes ∼ 2.49 for each library, consistent with
Ref. [27], and the ν¯T (A) in this mass region match
Ref. [36, 37, 41] better. Identifying the exact source of a
disagreement between the experimental and derived ν¯ is
difficult, as a large range of product masses contribute.
Even so, discontinuities in 〈Z〉(A) can identify charge dis-
tributions that display anomalous behavior, such as the
extremely low yield of 128Te in the JENDL-4.0u2 and
ENDF-B/VII.1 evaluations of 233U(nth,f).
A noticeable trend from Tab. I is that the JEFF-
3.1.1 evaluations tend to generate larger values of ν¯
than JENDL-4.0u2 and ENDF-B/VII.1, such as in the
252Cf(sf) calculations, where a difference of almost an
entire neutron exists. As mentioned before, the scal-
ing of the mean charge has a large impact on the de-
rived ν¯. An increase in 〈Z〉(A) will require a lower
〈Z〉(Ac). As the function 〈Z〉(A) is nearly linear, this
will lead to a lower Ac and larger ν¯. Thus, a fission
yield evaluation with a larger 〈Z〉(A), such as the trend
seen in Fig. 5, will generate a larger ν¯. The 〈Z〉(A)
for 252Cf(sf) is, on average, ∼ 0.4% larger in JEFF-
3.1.1 than ENDF-B/VII.1. While this change may seem
small, the difference is summed over all masses. When
we correct for this effect, ν¯ becomes consistent among the
three libraries. Experimental re-measurements of suspect
yields should be able to identify the correct charge dis-
tribution, as the differences between libraries discussed
here are at the percent-level. Thus, the accurate mea-
FIG. 5. Fitted charge distributions with a Gaus-
sian representation for a few heavy product masses in the
ENDF-B/VII.1 (solid) and JEFF-3.1.1 (dotted) evaluations
of 252Cf(sf). The closed and open points represent the evalu-
ated ENDF-B/VII.1 and JEFF-3.1.1 data, respectively. One
can observe a systematic shift to larger 〈Z〉 in JEFF-3.1.1 as
compared with ENDF-B/VII.1.
surements of ν¯, along with accurate 〈TKE〉 data, could
help to identify issues in the evaluated IFY, such as the
increased mean charge function 〈Z〉(A) in the JEFF-
3.1.1 evaluation of 252Cf(sf). We also note a similar
increase in 〈Z〉(A) for JEFF-3.1.1 relative to ENDF-
B/VII.1 in the 237Np(nth,f),
238Pu(ni,f),
241Am(nth,f),
243Cm(nth,f),
244Cm(ni,f), and
245Cm(nth,f) reactions,
which also show larger derived ν¯. This result indicates
that yields evaluations utilizing average charge param-
eterizations [19] may need to take the resulting ν¯ into
consideration and lower or raise 〈Z〉(A) accordingly.
Several fission reactions have evaluations over a range
of incident neutron energies. Examining the 〈Z〉(A)
for a single fission reaction, we see an increase in the
mean charge as the incident neutron energy increases,
which causes an increase in ν¯ as expected. The JEFF-
3.1.1 library contains a thermal, intermediate, and fast
4
233U(nth,f)
235U(nth,f)
238U(nf ,f)
239Pu(nth,f)
241Pu(nth,f)
252Cf(sf)
ENDF-B/VII.1 2.30± 0.09 2.43± 0.09 4.29± 0.13 2.83± 0.08 2.97± 0.09 3.67± 0.11
JENDL-4.0u2 2.30± 0.09 2.43± 0.09 4.27± 0.14 2.82± 0.08 2.97± 0.10 3.66± 0.12
JEFF-3.1.1 2.40± 0.05 2.40± 0.05 4.72± 0.09 2.97± 0.05 3.10± 0.07 4.64± 0.09
Exp. 2.49± 0.004 2.43± 0.003 4.69± 0.159 [38] 2.88± 0.006 2.92± 0.007 3.77± 0.004
237Np(nth,f)
238Np(ni,f)
238Pu(ni,f)
241Am(nth,f)
243Cm(nth,f)
244Cm(ni,f)
245Cm(nth,f)
ENDF-B/VII.1 1.94± 0.07 2.37± 0.09 1.95± 0.07 2.71± 0.10 2.77± 0.10 3.63± 0.13 3.13± 0.10
JENDL-4.0u2 1.93± 0.07 2.37± 0.09 1.93± 0.07 2.82± 0.08 2.74± 0.10 3.61± 0.13 3.11± 0.11
JEFF-3.1.1 2.74± 0.06 2.87± 0.09 3.09± 0.10 3.35± 0.08 3.76± 0.09 4.04± 0.12 4.30± 0.09
Exp. 2.52± 0.016 2.77± 0.14 [39] 2.88± 0.14 [39] 3.21± 0.032 3.43± 0.047 3.33± 0.17 [39] 3.72± 0.06
TABLE I. List of derived ν¯ for various fission reactions from ENDF/B-VII.1, JENDL-4.0u2, and JEFF-3.1.1. Considered
neutron reactions are at thermal (nth), intermediate (Eni ≈ 500 keV), or fast (Enf = 14 MeV) energies. Experimental ν¯ are
from Ref. [27], unless otherwise noted. The ‘experimental’ ν¯ for 238Np(ni,f),
238Pu(ni,f), and
244Cm(ni,f) were calculated
via Howerton’s parameterization [39] using the binding energies derived from Ref. [40]. Major fission reactions (top) showed
moderate agreement between experimental data and those derived from the evaluated yields, but some values (bolded) fall
outside the 1σ errors. Less known or studied fission reactions (bottom) seldom showed agreement. Errors on the derived ν¯ are
propagated from the fission yields.
yields evaluation for 235U(n,f). Using our method, we
derive ν¯ = [2.40 ± 0.05, 2.46 ± 0.04, 4.33 ± 0.08] for
the three incident energies, which are in agreement with
ν¯ = [2.407± 0.0066, 2.461± 0.0028, 4.387± 0.0081] [42].
CONCLUSION
We have conducted a detailed survey of various fis-
sion reactions at several incident neutron energies and
across three major yield evaluations: ENDF-B/VII.1 [1],
JENDL-4.0u2 [2], and JEFF-3.1.1 [3]. From our initial
analysis, we find that all yield evaluations satisfy basic
charge and mass conservation. A handful of nuclides
showed strong disagreement with the Wahl charge dis-
tributions [19]: 86Ge, 88As, 92,100,105Zr, 134Te, and 136Xe
in the 235U(nth,f) reaction (mostly in ENDF-B/VII.1),
103Nb, 106Mo, 108Tc, 110Ru, 137I, 139Xe, 141Cs, and 144Ba
in the 252Cf(sf) reaction (mostly in JEFF-3.1.1), and
98Zr, 136Xe, and 142Ba in the 233U(nth,f) reaction (all
libraries). A few instances of charge asymmetry were
identified, but could be remedied by adjusting anoma-
lous yields in the symmetric regions to fit a Gaussian
charge distributions.
We derived a simple average charge conservation
method to infer the prompt neutron multiplicity from
independent fission product yields. This method was
shown to be accurate by using the fully self-consistent
CGMF code, which reconstructed ν¯ within 1% of the ‘true’
value. This method was applied to the suite of fis-
sion reactions and incident neutron energies supported
by ENDF-B/VII.1, JENDL-4.0u2, and JEFF-3.1.1. We
find that the major fission reactions could produce ν¯(A)
distributions and ν¯ values in reasonable agreement with
experimental data. For less known or studied fission re-
actions, very few yield evaluations were consistent with
prompt neutron data. We have identified possible sources
of these discrepancies, such as the anomalous increase in
〈Z〉(A) for the JEFF-3.1.1 252Cf(sf) evaluation, relative
to ENDF-B/VII.1 or JENDL-4.0u2, which dramatically
affects the derived ν¯. Specific nuclides have been iden-
tified as having anomalous yields and could be remea-
sured in future experiments [15, 43]. New experiments
looking to measure A, Z, TKE, and the prompt neu-
tron emission simultaneously [44] could also provide ex-
perimental validation of the consistency checks presented
here. Finally, new evaluated fission product yields may
be necessary, a goal already identified by the nuclear data
community [45] and demonstrated in Ref. [12]. These
self-consistency checks and a more rigorous uncertainty
quantification [46] should be an integral part of the new
evaluated yields.
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